Frequency dissemination and synchronization in free space plays an important role in global navigation satellite system (GNSS), radio astronomy and synthetic aperture radar (SAR). In this paper, we demonstrate a portable radio frequency (RF) dissemination scheme via free space using microwave antennas. The setup has a good environment adaptability and high dissemination stability. The frequency signal is disseminated at different distances ranging from 10 to 640 m with a fixed 10 Hz locking bandwidth, and the scaling law of dissemination stability on distance and averaging time is discussed. The preliminary extrapolation shows that the dissemination stability may reach 1 × 10 −12 /s in ground-to-satellite synchronization, which far exceeds all present methods, and is worthy for further study.
I. INTRODUCTION
In recent years, high-precision time and frequency signals dissemination via optical fiber has shown rapid progress. [1] [2] [3] [4] Dissemination schemes for different topological structures, from point-to-point, multi-access, cascade to branching structure have been experimentally demonstrated. [5] [6] [7] [8] [9] [10] [11] It is useful for positioning, navigation, timing, radio astronomy (such as Very Long Baseline Interferometry and Square Kilometer Array) and measurement of fundamental constants. However, the fiber-based dissemination schemes can only realize a two-dimensional frequency synchronization, and the disseminated signals are confined in the fiber network. Consequently, for portable and three-dimensional applications or any cases with no fiber sources, free space time and frequency transfer is essential and is in great need for improvement. Most these experiments make use of free space laser. 12-15 F. R. Giorgetta et al. develop an optical TWTFT method which can exchange optical pulse between coherent frequency combs, and they achieve a residual instability below 1 × 10 −18 at 1000 s.
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However, there are some limitations in optical time and frequency dissemination via free space. The transmission quality is highly affected by weather conditions, and it is hard to maintain an effective transfer link on a large scale because of small beam divergence, complex operations and environmentally sensitive equipment. As a result, optical transfer
is not capable of all-weather dissemination.
By compensating phase noise actively, we have successfully disseminated the L-band frequency signal between RF antennas in free space with a stability of 3 × 10 −13 /s and 4 × 10 −17 /day. 17 To study potential applications of phase compensated radio frequency dissemination scheme, especially the application in the case of ground-to-satellite synchronization, we improve the experimental approach and select an appropriate field test site. The links are set with a fixed 10 Hz locking bandwidth to simulate actual ground-to-satellite communication. The dissemination stability (denoted as σ) of links from 0.5 s to 1000 s averaging time (denoted as τ ) at different distances (denoted as d) ranging from 10 m to 640 m is measured in steady nocturnal environment. Using a binary regression model, we explore the relationship between τ , d and σ. The regression result shows that at a certain averaging time, lg(σ) degrades linearly as lg(d) increases. If this scaling law still applies in longer distance, the dissemination stability is expected to be better than 1×10 −12 /s in groundto-satellite synchronization link, which is superior to traditional TWSTFT and GPS-based synchronization methods.
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The details of experimental setup are presented in section II, and the experiment results and data analysis are presented in section III.
II. SYSTEM DESCRIPTION
In our previous experiment, transmission. Through a coherent transponder in Receiver I, the signal is returned to local terminal and is coherent to E R = V R cos(ωt + φ 0 + 2φ p ), after a round-trip. By a two-stage mixing at the transmitter, an error signal E e = V e cos[(ω r − ω)t + (φ 0 + φ p − φ r )] is generated, which is fed to a phase-locked loop (PLL), making ω = ω r and φ 0 + φ p = φ r + constant when the PLL is locked. Hence, E I is phase locked to the reference signal, The same applies to Link-II (E II ). following discussion. Detailed information about the structure of transmitters and receivers is described in our previous paper. 
where C 2 v is the velocity structure constant; l 0 is inner scale and below which viscous dissipation is negligible; L 0 is the outer scale over which no kinetic energy is injected. This function is often called "2/3 power law." Accordingly, structure function of refractive index is
where C 2 n is the turbulence structure constant. Then after a Fourier transform, we get
where κ is the spatial frequency, Φ n is the power spectral density of refractive index.
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The frequency stability of phase compensated round-trip dissemination scheme may obey the power law similar to D 2 n (r). To test this hypothesis and preliminarily study the feasibility for ground-to-satellite applications, we perform a field test using the 700-m-long baseline in NIM-Changping. The local terminal is fixed at point O, and we move the remote terminal to measure the dissemination stability (Allan deviation, ADEV) at different distances respectively. Note that even perfect phase noise cancellation with time delay in round-trip brings imperfect phase compensation in one-way transfer. all electronic components work properly. However, we can not control the temperature in the cabinet, so long-term (more than 500 s) frequency stability does not decline as averaging time increases due to long-term relatively large temperature fluctuations in the cabinet. Figure 3 shows the measured frequency dissemination stabilities of the experiment system at different distances in steady nocturnal environment. At each distance, we measure repeatedly to reduce stochastic error. In the shortest distance (10 m) the stability is 2.1×10 regression model, supposing that
III. MODELING OF SCALING LAW AND DATA ANALYSIS
i.e.
where z and a are constants. The regression result is based on 60 data points, ranging from 0.5 s to 256 s on the time scale and from 10 m to 640 m on the distance scale, shown in Table I showing great statistical significance. Table II displays a strong positive correlation between lg(σ) and lg(d), and a strong negative correlation between lg(σ) and lg(τ ). In order to explore the relationship between lg(σ) and lg(τ ) more clearly, we study the scaling law on certain averaging times. In this case the regression equation is simplified into 
where 10 Z = 10 z τ a with a given τ . Table III shows the regression results at different averaging times. CI stands for confidence interval and R stands for correlation coefficient.
As τ increases from 0. short-term stability and long-term stability should be significantly narrowed and with less apparent drift. 
Here k B is the Boltzmann constant (1.38 × 10 −23 J/K), T is temperature of atmosphere in kelvins and we can take it as 300 K, m is the mean molecular mass of air (4.8×10 −26 kg), g is the acceleration due to gravity (9.8 m/s 2 ), thus H = 8800 m. The equivalent thickness of the atmosphere in the path link between ground and satellite varies with the zenith angle and H is the Minimum. For example, the equivalent thickness of the atmosphere from a ground station in Beijing (approximately located at 40
• N, 116
• E) to a geostationary satellite at the same longitude is about 13000 m. We just take a preliminary extrapolation, substitute parameters d=13000 m, a=−2/3, b=1/2, z=−14 into Eq (4), a stability of 1.1 × 10 −12 /s, 5.8 × 10 −16 /d is estimated, which is much better than any conventional method used at present.
IV. CONCLUSION
In summary, we have demonstrated a continuous, portable radio frequency dissemination scheme via free space. It is easy to set up with high mobility, and it can be unattended if automatic control unit is added to the system. This flexibility gives it a great potential in three-dimensional regional or even global time and frequency network and in many scientific and engineering applications, such as clock-based geodesy and SAR. Besides, a preliminary study indicates that the relationship between its dissemination stability and transfer distance follows a scaling law, and a stability of 1 × 10 −12 /s, 6 × 10 −16 /d is promising for groundto-satellite synchronization. However, long-term frequency stability is limited to around 1 × 10 −15 within km-distance mainly due to temperature drift in the experiment devices.
Consequently, more rigorous experiments focusing on longer distance, longer time with fine thermal control are worthy and meaningful to verify this possibility. 
